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[57] ABSTRACT 

An exhaust gas recirculation control system includes a 
stepping motor driven valve for controlling the ?ow rate of 
exhaust gas through a recirculation pipe of an internal 
combustion engine, and arithmetic circuitry for calculating 
the exhaust gas recirculation ?ow rate in dependence on the 
operating state of the engine. A two-phase excitation driving 
scheme and a one/two-phase excitation driving scheme are 
exchangeably adopted for driving the stepping motor to 
control the opening of the recirculation control valve. When 
a rapid response is required, the two-phase excitation driv 
ing scheme is put into eifect, with the one/two-phase exci 
tation driving scheme being adopted when high resolution is 
required. 

11 Claims, 10 Drawing Sheets 
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STEPPING MOTOR DRIVING APPARATUS 
AND EXHAUST GAS RECIRCULATION 
CONTROL SYSTEM USING THE SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention generally relates to a stepping 
motor driving apparatus for driving and controlling a step 
ping motor for indexing or positioning a member under 
control to a target or desired position. Further, the invention 
is concerned with an exhaust gas recirculation control sys 
tem in which a stepping-motor-driven type exhaust gas 
recirculation valve is employed for recirculating an exhaust 
gas of an internal combustion engine. More particularly, the 
invention is concerned with an exhaust gas recirculation 
(EGR) control system which can ensure improved response 
performance as well as enhanced control accuracy in posi 
tioning an exhaust gas recirculation control valve. 

2. Description of the Related Art 
Heretofore, in the ?eld of engine control systems for 

automobiles or motor vehicles, the exhaust gas recirculation 
control technique for feeding back or recirculating a part of 
exhaust gas to the engine for the purpose of suppressing 
NOx~components contained in the engine exhaust gas by 
lowering the combustion temperature is well known. For 
better understanding of the invention, description will ?rst 
be made of a conventional exhaust gas recirculation control 
system known heretofore by reference to FIG. 5. 

Referring to FIG. 5, an internal combustion engine system 
is comprised of an engine proper 1 (hereinafter referred to as 
an engine) having a plurality of cylinders, an air cleaner 2 for 
purifying intake air to be introduced into the engine 1, an 
intake air pipe 3 for feeding the air introduced through the 
air cleaner 2 to the engine 1, an intake manifold 4 for 
connecting the intake pipe 3 to the plurality of cylinders of 
the engine 1, a fuel injector 5 for injecting fuel into the 
intake pipe 3, a pressure sensor 6 for detecting a pressure P 
within the intake pipe 3, a throttle valve 7 disposed within 
the intake pipe 3 for controlling an intake air ?ow, a throttle 
position sensor 8 for detecting an opening degree 0 of the 
throttle valve 7, and a bypass air ?ow rate control means 9 
for controlling an air ?ow rate which bypasses the throttle 
valve 7 via a pipe connected in parallel to the throttle valve 
7. 

An exhaust gas recirculation pipe 10 is provided for the 
purpose of feeding back or recirculating a part of the exhaust 
gas discharged from the engine 1 to the intake side thereof. 
An exhaust gas recirculation valve 11 of a stepping-motor 
driven type is installed in the pipe 10 for controlling the ?ow 
rate of the exhaust gas recirculated therethrough. The 
exhaust gas recirculation control valve 11 constitutes an 
exhaust gas recirculation ?ow control means for controlling 
the exhaust gas recirculation ?ow rate in dependence on the 
operation states of the engine 1. 
An ignition coil 13 serves for generating a high voltage 

required for combustion of air/fuel mixture gas within the 
individual cylinders of the engine 1. Provided in association 
with the ignition coil 13 is a ?ring or ignitor circuit 14 for 
interrupting a primary current of the ignition coil 13, to 
thereby generate a spark for triggering combustion of the 
air/fuel mixture. The exhaust gas resulting from the com 
bustion is discharged through an exhaust pipe 15. A catalytic 
converter 16 is installed in the exhaust pipe 15 in a down 
stream region thereof. 
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2 
An ignition signal Q generated by the ignition coil 13, as 

driven by the ignitor 14, has a frequency corresponding to 
the rotation speed (rpm) of the engine 1 and thus can be 
utilized as a sensor signal indicative of the rotation number 
(rpm) of the engine 1. 
A water temperature sensor 17 for detecting temperature 

T of cooling water of the engine 1 cooperates with the 
throttle position sensor 8, the ignition coil 13 and others to 
constitute a sensor means which provides information con 
cerning the operation states of the engine 1. An ignition key 
switch 21 is closed upon starting of the engine operation for 
supplying an electric power to various electric units of the 
motor vehicle from an onboard battery 20. 

An electronic control unit (ECU) 22 which is put into 
operation upon reception of an electric power from the 
battery 20 includes a fuel injection amount arithmetic means 
and an exhaust gas recirculation ?ow arithmetic means 
which fetch from a variety of sensor means the engine 
operation state information such as the throttle opening 
degree Q, the intake pipe pressure P, the ignition signal Q and 
others to thereby determine arithmetically or calculate the 
fuel injection amount and the exhaust gas recirculation ?ow 
rate, respectively, whereby a fuel injection control signal I 
for the fuel injector 5 and an exhaust gas recirculation 
control signal C for the exhaust gas recirculation control 
valve 11 are outputted from the electronic control unit 22. 

FIG. 6 is a block diagram showing in detail a con?gura 
tion of the electronic control unit 22 of FIG. 5. Referring to 
FIG. 6, a microcomputer 100 includes a CPU (Central 
Processing Unit) 200 for generating the fuel injection con 
trol signal J for the fuel injector 5 and the exhaust gas 
recirculation control signal C for the exhaust gas recircula» 
tion control valve 11 as determined on the basis of the 
aforementioned engine operation state information Q, P, 0 
and T in accordance with a predetermined program, a 
free-running counter 201 for measuring a rotation period of 
the engine 1, a timer 202 for measuring time spans for 
various controls, an analogue-to-digital converter (hereinaf 
ter referred to as the AID converter) 203 for converting 
analogue input signals into digital signals, a RAM (Random 
Access Memory) 205 used as a work memory, a ROM 
(Read~Only Memory) 206 for storing various operation 
programs, an output port 207 for outputting the fuel injection 
control signal I and the exhaust gas recirculation control 
signal C and a common bus 208 for interconnection between 
the CPU 200 and the various elements 201 to 207 mentioned 
above. 
The electronic control unit 22 further includes a ?rst input 

interface circuit 101 for shaping the ignition signal Q from 
the ignition coil 13 to thereby generate an interrupt signal to 
be inputted to the microcomputer 100. Upon generation of 
this interrupt signal, the CPU 200 incorporated in the 
microcomputer 100 reads the count value from the counter 
201 to thereby calculate the rotation period of the engine 1 
on the basis of a difference between the count values read 
out at the instant time point and at a preceding time point, 
respectively. The engine rotation period thus determined is 
then stored in the RAM 205. 
The electronic control unit 22 includes a second input 

interface circuit 102 which serves for fetching the intake 
pipe pressure P, the throttle opening degree _0_ and the cooling 
water temperature T from the pressure sensor 6, the throttle 
position sensor 8 and the water temperature sensor 17, 
respectively. The sensor signals mentioned above are input~ 
ted to the A/D converter 203. On the other hand, an output 
interface circuit 104 serves to supply the fuel injection 
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control signal I and the exhaust gas recirculation control 
signal C supplied through the output port 207 to the fuel 
injector 5 and the exhaust gas recirculation control valve 
(hereinafter also referred to as the EGR control valve) 11, 
respectively, after ampli?cation. 

FIG. 7 is an elevational view showing a structure of the 
EGR control valve unit 11. Referring to the ?gure, a unipolar 
type stepping motor 30 is mounted in a valve casing of the 
EGR control valve 11 at a top end thereof for controlling or 
indexing the EGR control valve 11 between the fully closed 
position and the fully opened position stepwise over forty 
eight steps (increments). The stepping motor 30 has an 
output shaft 31 with which a feed screw 32 is interlocked so 
as to be displaced upwardly or downwardly in correspon 
dence to rotation of the motor shaft 31. A valve stem 33 is 
driven upwardly or downwardly, as viewed in the ?gure, by 
means of the feed screw 32 for regulating the ?ow cross 
section area of the EGR control valve 11. A compression or 
coil-spring 34 urges constantly the valve stem 33 in the 
upward or valve opening direction. Disposed between the 
motor shaft 31 of the stepping motor 30 and the feed screw 
32 is a translation mechanism 35 which serves to translate 
the rotation of the motor shaft 31 into the vertical (up-and~ 
down) displacement of the motor shaft 31. 

FIG. 8 is a characteristic diagram for illustrating a relation 
between the ?ow rate (liter per minute) of the EGR control 
valve 11 and the number of steps over which the stepping 
motor 30 is operated, wherein the step number of the 
stepping motor 30 is taken along the abscissa with the 
exhaust gas recirculation ?ow rate being taken along the 
ordinate. As can be seen in FIG. 8, the EGR control valve 11 
assumes the fully closed state, when the step number of the 
stepping motor 30 is zero while assuming the fully opened 
state when the step number of the stepping motor 30 is “48”. 

It can further be seen from FIG. 8 that in the fully opened 
state of the EGR control valve 11 (e. g. when the exhaust gas 
recirculation ?ow rate is 500 liters per minute), a pressure 
diiference AP of 200 mmHg prevails between the entrance 
and the exit of the EGR control valve 11. It goes without 
saying that the pressure difference AP across the EGR 
control valve 11 becomes higher than 200 mmHg in the fully 
closed state. 

FIGS. 9 and 10 are flow charts for illustrating operations 
of the CPU 200 of the conventional exhaust gas recirculation 
control system, wherein FIG. 9 shows a main routine while 
FIG. 10 shows an exhaust gas recirculation control routine. 
In the following, operations of the conventional exhaust gas 
recirculation control system shown in FIGS. 5 to 7 will be 
described by reference to FIGS. 8, 9 and 10. 

In a control processing step S1 of the main routine, 
calculation of the engine rotation number Ne (rpm) on the 
basis of the ignition signal Q, fetching of the aforementioned 
various sensor signals via the A/D converter 203, the fuel 
control and others processings are performed. Upon comple 
tion of the control processing step S1, an exhaust gas 
recirculation control processing step S2 is ‘executed, Upon 
completion of execution of the step S2, the step main routine 
S1 is resumed. Thus, through the processing steps S1 and S2, 
operation of the engine 1 can be controlled. 

In more detail, the exhaust gas recirculation (EGR) con 
trol processing step S2 is executed in such a manner as 
illustrated in FIG. 10. 

First, in a step S601, the engine rotation number Ne (rpm) 
and the intake pipe pressure P already determined in the step 
S1 are fetched. Subsequently, in a step S602, a desired 
opening degree of the EGR control valve 11 (i.e., a desired 
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4 
step number of the stepping motor 30) is calculated on the 
basis of the engine rotation number Ne and the intake pipe 
pressure P as fetched. 

Next, correction is made on the desired or target opening 
degree as determined in order to take into consideration the 
warmed-up state of the engine 1. To this end, the cooling 
water temperature T already determined in the step S1 (FIG. 
9) is fetched in a step S603. In succession, in a step S604, 
the desired or target opening degree of the EGR control 
valve 11 determined in the step S602 is so corrected that it 
is set at a smaller value when the cooling water temperature 
T is low. 

Finally, in a step S605, the stepping motor 30 is driven so 
that the desired EGR valve opening degree as determined in 
the step S602 and corrected in the step S604 is set. 
Through the processing steps S601 to S605, the exhaust 

gas recirculation ?ow rate can be controlled to be optimal. 

Next, operation of the stepping motor 30 will be described 
in detail by reference to FIGS. 11A and 11B together with 
FIGS. 12A and 12B, in which FIG. 11A is a diagram for 
illustrating inter-phase relation of the stepping motor 30 for 
driving the EGR control valve 11, FIG. 11B is a view 
showing interconnection of the winding coils of the stepping 
motor, FIGS. 12A is a view showing a driving pattern of the 
stepping motor 30 according to a two-phase excitation 
driving scheme, and FIG. 12B is a view for illustrating 
rotating direction of the stepping motor 30. 
As is shown in FIG. 11A and 11B, windings A and B are 

each implemented as a bi?lar winding and connected in 
common to a positive pole of the battery 20, wherein the 
coils constituting each of the windings A and B are inter 
connected such that upon excitation of the winding, the 
direction of magnetic flux in one coil is opposite to that in 
the other coil. 

When the stepping motor 30 implemented in the structure 
described above is driven in accordance with a two-phase 
excitation driving scheme illustrated in FIGS. 12A and 12B, 
?rst and second phase stator coils (indicated by @ and @ 
and hatched areas in FIG. 11A) are ?rst excited at a step 
position “0”. Accordingly, a magnetic pole distribution 
shown in FIG. 11A prevails in the stator assembly. As a 
consequence, the S-pole of the rotor is indexed to the step 
position “0” which corresponds to the center of N-pole of the 
stator resulting from synthesization of magnetization of the 
?rst and second phase-coils (D and 
At a step position “1”, magnetization of the winding A is 

changed over so that the ?rst phase-coil (D is deenergized or 
deexcited while a third phase-coil @ is excited. As a 
consequence, the S-pole of the rotor is angularly displaced 
to the step position “1” which corresponds to a center of the 
N-pole resulting from synthesization of the magnetizations 
of the second and third phase-coil @ and as indicated by 
an arrow in FIG. 11A. 

In a step position “2”, the magnetization of the winding B 
is changed over so that the second phase-coil @ is deexcited 
with the fourth phase-coil (AD being excited. Thus, the S-pole 
of the rotor is further displaced to the step position “2”. By 
repeating the excitation of the coils two by two with the 
phase shifting in this manner, a rotating magnetic ?eld is 
generated, whereby the stepwise rotation of the rotor of the 
stepping motor is realized. Thus, the motor shaft 31 is 
rotated stepwise in the counterclockwise direction, as illus 
trated in FIG. 12B. 

Of course, by changing the excitation in the pattern 
opposite to that mentioned above, rotation of the motor shaft 
31 can be reversed (i.e., in the clockwise direction). 
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As is apparent from the above, by exciting the individual 
coils of the stepping motor 30 at a predetermined time 
interval I (e.g. at 100 milliseconds equivalent to 100 pulses 
per second or PPS, see FIG. 12A) in the manner described 
above, the opening control (?ow rate control) of the EGR 
control valve 11 can be carried out. 

At this juncture, it should be mentioned that as the method 
of driving the stepping motor 30, there is known in addition 
to the aforementioned two-phase excitation driving scheme 
a one/two-phase excitation driving scheme according to 
which the one-phase excitation and the two~phase excitation 
are alternated. 

Next, referring to FIG. 13, a driving pattern according to 
the one/two-phase excitation driving scheme will be eluci 
dated. 

According to the one/two-phase excitation type driving 
scheme, the stepping motor 30 is driven by repeating the 
excitation of the coils on a one-by-one basis (e.g. at A in 
FIG. 13) and the two-phase excitation (e.g. at B in FIG. 13) 
mentioned above. The one/two-phase excitation driving 
scheme is advantageous in that the angular distance for one 
step can be decreased by a half with the driving period I‘ 
therefor being 75 milliseconds, which is shorter about a half 
when compared with the aforementioned two-phase excita 
tion driving scheme. 

FIG. 14 is a view showing comparison between the 
two~phase excitation driving scheme and the one/two-phase 
excitation driving scheme. At ?rst, comparison will be made 
as to the resolution. According to the two-phase excitation 
driving scheme, the rotor and hence the motor shaft is 
caused to shift by one full step. On the other hand, according 
to the one/two-phase excitation driving scheme, the rotor 
rotates stepwise by a distance corresponding to a half of one 
step. Thus, the one/two-phase excitation driving scheme can 
ensure a higher resolution for the positioning or indexing of 
the EGR control valve 11. 

On the other hand, with regards to the driving period 
which is an index indicating response speed of the stepping 
motor, the two-phase excitation driving scheme can ensure 
100 milliseconds at highest, while in the case of the one/ 
two-phase excitation driving scheme, it is 75 milliseconds. 
To say in another way, the time required for the rotor of the 
stepping motor to advance for one step is 100 milliseconds 
in the case of the two-phase excitation while it is 150 
milliseconds in the case of the one/two-phase excitation 
driving scheme. Thus, the former is excellent in respect to 
the response speed. For this reason, the two-phase excitation 
driving scheme has heretofore been adopted for driving the 
stepping motor 30 for controlling the exhaust gas recircu 
lation control valve 11 by putting importance on the 
response speed. 
The conventional exhaust gas recirculation control system 

of the structure described above thus suffers from a problem 
that because the exhaust gas recirculation control valve 11 of 
a relatively large ?ow capacity is driven in accordance with 
the two-phase excitation driving scheme with as relatively 
low resolution as forty-eight steps or increments from the 
fully closed state to the fully opened state, magnitude of 
change in the exhaust gas recirculation ?ow rate as brought 
about by the change of the rotor position for one step is 
relatively large, which means that it is difficult or practically 
impossible to control the exhaust gas recirculation ?ow rate 
with higher accuracy or ?neness. 

An approach for coping with the problem mentioned 
above by increasing the number of steps of the EGR control 
valve driving motor which is driven in accordance with the 
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6 
two-phase excitation driving scheme mentioned above will 
encounter another problem that high cost is involved 
because of necessity for use of the stepping motor having 
high resolution (i.e., a greater number of steps). On the other 
hand, when the EGR control valve 11 is driven in accor 
dance with the one/two-phase excitation driving scheme 
with a view to increasing the number of steps intervening 
between the fully closed state and the fully opened state, the 
resolution of control can certainly be enhanced. However, 
there arises a problem that the response performance is 
degraded because of increase in the driving frequency and 
corresponding delay in indexinger shifting the EGR control 
valve 11 from one to another position. 

SUMMARY OF THE INVENTION 

In the light of the state of the art described above, it is an 
object of the present invention to provide a stepping motor 
driving apparatus which allows a stepping motor to index a 
mechanical element to be controlled thereby to a desired 
position with high control accuracy at a high response speed. 

Another object of the present invention is to provide an 
exhaust gas recirculation control system which can control 
the exhaust gas recirculation ?ow rate with high control 
precision or ?neness while ensuring high response speed 
without incurring any appreciable increase in the cost for 
implementation of the exhaust gas recirculation control 
system. 

In view of the above and other objects which will become 
more apparent as description proceeds, there is provided 
according to an aspect of the invention in its broadest sense 
an apparatus for driving a stepping motor which is arranged 
to index a mechanical element under control to a desired 
position, which apparatus comprises a driving means for 
driving the stepping motor in accordance with a two-phase 
excitation driving scheme in which coils fornring a winding 
of the stepping motor is excited on a two-by-two basis when 
a high-speed response is required for indexing the mechani 
cal element to the desired position, while driving the step 
ping motor in accordance with a one/two-phase excitation 
driving scheme in which the two~phase excitation driving 
scheme is alternated with a one-phase excitation driving 
scheme in which the coils constituting the winding are 
excited on a one-by-one basis when high precision is 
required in indexing the mechanical element to the desired 
position. 

In a mode for carrying out the invention, the stepping 
motor driving apparatus may include an arithmetic means 
for determining a difference between a real position of the 
mechanical element at which it is actually positioned and the 
desired position, wherein the driving means drives the 
stepping motor in accordance with the two-phase excitation 
scheme when the diiference is not smaller than the prede 
termined value thereof while driving the stepping motor in 
accordance with the one/two-phase excitation driving 
scheme when the difference is smaller than the predeter 
rrrined value. 

The invention ?nds pro?table and advantageous applica 
tion to the control of an exhaust gas recirculation control 
valve of an internal combustion engine of a type in which a 
part or proportion of exhaust gas is recirculated into the 
engine. 

Thus, there is provided according to another aspect of the 
present invention an exhaust gas recirculation control sys 
tem for controlling recirculation of the exhaust gas, which 
system comprises an exhaust gas recirculation pipe con 
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nected between an intake pipe and an exhaust pipe of the 
engine for recirculating a part of exhaust gas from the 
exhaust pipe into the intake pipe, an exhaust gas recircula 
tion control valve installed in the exhaust gas recirculation 
pipe for controlling a ?ow rate of the exhaust gas ?owing 
through the exhaust gas recirculation pipe, a stepping motor 
for driving the exhaust gas recirculation valve, a sensor 
means for detecting operation state of the internal combus 
tion engine to thereby generate output signals indicative of 
the engine operation state, an exhaust gas recirculation ?ow 
rate arithmetic means for arithmetically determining an 
exhaust gas recirculation ?ow rate on the basis of the engine 
operation state information derived from the outputs of the 
sensor means, an exhaust gas recirculation ?ow rate control 
means for controlling ?ow rate of the exhaust gas recircu 
lated/into the internal combustion engine so that the ?ow rate 
conforms to the engine operation state, and a driving means 
for driving the stepping motor for thereby controlling a ?ow 
cross-section area of the exhaust gas recirculation valve in 
accordance with a driving scheme in which a combination of 
a two-phase excitation driving scheme according to which 
coils forming a winding assembly of the stepping motor is 
excited on a two-by-two basis and a one/two-phase excita 
tion driving scheme according to which the two-phase 
excitation driving scheme is alternated with a one-phase 
excitation driving scheme in which the coils are excited on 
a one-by-one basis is adopted, wherein the exhaust gas 
recirculation ?ow rate control means controls the exhaust 
gas recirculation ?ow rate so that the exhaust gas recircu~ 
lation ?ow rate conforms to the engine operation state by 
changing the ?ow passage cross-section area of the exhaust 
gas recirculation valve by the driving means by elfectuating 
appropriately and selectively the two-phase excitation driv 
ing scheme and the one/two-phase excitation driving 
scheme. 

In the arrangement of the exhaust gas recirculation control 
system mentioned above, the two-phase excitation driving 
scheme is validated when quick response is required for the 
exhaust gas recirculation control while the one/two-phase 
excitation driving scheme is eifectuated when high resolu 
tion is required for the positioning or indexing of the EGR 
control valve. 

In a preferred mode for carrying out the invention, the 
driving means may include an arithmetic means for calcu 
lating a difference between an actual opening degree of the 
exhaust gas recirculation control valve and a desired open~ 
ing degree thereof which conforms to the engine operation 
state for changing over the two-phase excitation driving 
scheme and the one/two-phase excitation driving scheme, 
wherein the two-phase excitation driving scheme is adopted 
when the difference is not smaller than a predetermined 
value while the one/two-phase excitation driving scheme is 
adopted when the difference is smaller than the predeter» 
mined value. 

According to yet another aspect of the invention, there is 
provided an exhaust gas recirculation control system for 
controlling recirculation of the exhaust gas, which system 
comprises an exhaust gas recirculation pipe connected 
between an intake pipe and an exhaust pipe of the engine for 
recirculating a part of exhaust gas from the exhaust pipe into 
the intake pipe, an exhaust gas recirculation control valve 
installed in the exhaust gas recirculation pipe for controlling 
a ?ow rate of the exhaust gas ?owing through the exhaust 
gas recirculation pipe, a stepping motor for driving the 
exhaust gas recirculation valve, a sensor means for detecting 
operation state of the internal combustion engine to thereby 
generate output signals indicative of engine operation state, 
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8 
an exhaust gas recirculation ?ow rate arithmetic means for 
arithmetically determining an exhaust gas recirculation ?ow 
rate on the basis of the engine operation state information 
derived from the outputs of the sensor means, and an exhaust 
gas recirculation ?ow rate control means for controlling ?ow 
rate of the exhaust gas recirculated into the internal com 
bustion engine so that the ?ow rate conforms to the engine 
operation state, wherein the exhaust gas recirculation valve 
controls the ?ow rate of the exhaust gas ?owing through the 
exhaust gas recirculation pipe in accordance with two dis 
crete ?ow-rate characteristics such that in a range close to 
the fully closed state of the exhaust gas recirculation control 
valve where the step number of the stepping motor becomes 
small, change in the ?ow rate of the exhaust gas is small. 
The above and other objects, features and attendant 

advantages of the present invention will more easily be 
understood by reading the following description of the 
preferred embodiments thereof taken, only by way of 
example, in conjunction with the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a flow chart illustrating a main routine of an 
exhaust gas recirculation control processing according to a 
?rst embodiment of the invention; 

FIG. 2 is a ?ow chart illustrating a processing routine for 
driving a stepping motor according to the ?rst embodiment 
of the invention; 

FIG. 3 is a ?ow chart showing a motor driving routine 
according to a second embodiment of the invention; 

FIG. 4 is a characteristic diagram for illustrating graphi 
cally an exhaust gas recirculation ?ow rate characteristic of 
an exhaust gas recirculation control valve according to a 
third embodiment of the invention; 

FIG. 5 is a diagram showing schematically a general 
arrangement of an exhaust gas recirculation control system 
of stepping motor driven type to which the invention can 
pro?tably be applied; 

FIG. 6 is a block diagram showing a con?guration of an 
electronic control unit shown in FIG. 5; 

FIG. 7 is an elevational view showing a structure of a 
stepping motor driven exhaust gas recirculation control 
valve; 

FIG. 8 is a characteristic diagram for illustrating a relation. 
between ?ow rate of an exhaust gas recirculation control 
valve and the number of steps over which a stepping motor 
is operated; - 

FIG. 9 is a ?ow chart illustrating in general a main routine 
processing executed by the electronic control unit of the 
exhaust gas recirculation control system; 

FIG. 10 is a ?ow chart illustrating an exhaust gas recir 
culation control known heretofore; 

FIG. 11A is a diagram for illustrating inter-phase relation 
of a stepping motor for driving the exhaust gas recirculation 
control valve; 

FIG. 11B is a view showing interconnection of coils 
constituting windings of the stepping motor; 

FIGS. 12A is a view showing a driving pattern of the 
stepping motor according to a two-phase excitation driving 
scheme; 

FIG. 12B is a view illustrating rotating direction of the 
stepping motor; 

FIG. 13 is a diagram illustrating a driving pattern accord 
ing to a one/two»phase excitation driving scheme for a 
stepping motor; and 



5,503,131 

FIG. 14 is a diagram for illustrating comparatively fea 
tures of the two-phase excitation driving scheme and the 
oneltwo~phase excitation driving scheme. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In the following, the present invention will be described 
in detail in conjunction with preferred or exemplary embodi 
ments thereof by reference to the drawings. 

Embodiment 1 

A ?rst embodiment of the invention will be described. In 
the beginning, it must ?rst be pointed out that the general 
arrangement of the system which the instant embodiment of 
the invention concerns is substantially the same as that 
shown in FIG. 5 except for the functions of the exhaust gas 
recirculation ?ow rate control means incorporated in the 
electronic control unit 22 and the driving means inclusive of 
the exhaust gas recirculation valve 11. Accordingly, descrip 
tion which follows is based on the arrangement shown in 
FIG. 5, 6 and 7, 

FIGS. 1 and 2 are ?ow charts illustrating the exhaust gas 
recirculation control operation according to the ?rst embodi 
ment of the invention, wherein FIG. 1 shows a main routine 
of the exhaust gas recirculation control processing, and FIG. 
2 shows a routine for driving the stepping motor 30. In FIG. 
1, steps S601 to S604 are substantially the same as those 
designated by same reference symbols in FIG. 10. Accord 
ingly, repetitive description of these steps will be unneces 
sary. 

Now, operation of the instant embodiment of the inven 
tion will be elucidated by referring to FIGS. 1 and 2 together 
with FIGS. 5 to 7. 

At ?rst, in the steps S601 to S604 of the main routine, the 
desired number of steps is arithmetically determined through 
the similar procedure described hereinbefore to thereby 
calculate a desired opening degree etc of the exhaust gas 
recirculation (EGR) control valve 11. 

Subsequently, the stepping motor driving routine shown 
in FIG. 2 is executed. Referring to the ?gure, in a step S111, 
a difference or deviation Act of an actual or real opening 
degree g from the desired opening degree (10 is determined 
in accordance with AGIOPQQ. 

In a step S112, it is decided whether or not the difference 
ADC is greater than a predetemrined value inclusive thereof. 
If so (i.e., when the decision step S112 results in a?irmation 
“YES”), this means that the difference between the real 
opening degree g and the desired opening degree ono of the 
EGR control valve 11 is great and thus the stepping motor 
should preferably be operated with a rapid response. Accord 
ingly, the processing proceeds to a step S 113, wherein the 
stepping motor 30 is driven in accordance with the two 
phase excitation driving scheme which can ensure a high 
speed response, as mentioned hereinbefore. Parenthetically, 
the predetermined value for the difference Act may differ in 
dependence on the type of the exhaust gas recirculation 
control valve 11 and the ?ow rate and can not be de?ned 
de?nitely. However, since there exists correlation between 
the real opening degree g of the EGR control valve and the 
exhaust gas recirculation ?ow rate, the predetermined value 
mentioned above may be so selected as to be equivalent to 
an exhaust gas recirculation ?ow rate for which deviation of 
the exhaust gas recirculation ratio PEGR de?ned by the 
expression (1) mentioned below is greater than 2% and 
usually lies within a range of 5% to 10%: 
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10 
PEGR=Qe/Q,)<10O (in percentage) (1) 

where Q, represents the exhaust gas recirculation flow rate 
and Q, represents the intake air ?ow rate in the engine. 
On the other hand, when the difference AOt is decided 

smaller than the predetermined value in the step S112 (i.e., 
answer of this decision steps is negative “NO”), this means 
that the difference Aot between the real opening degree g and 
the desired opening degree (10 of the exhaust gas recircula 
tion control valve 11 is small. In that case, the stepping 
motor should be driven with preference being put on the 
control precision or resolution. Accordingly, the processing 
proceeds to a step S114 where the stepping motor 30 is 
driven in accordance with the one/two-phase excitation 
driving scheme mentioned hereinbefore. 
By virtue of the processings mentioned above, the one/ 

two-phase excitation driving scheme can be validated to 
realize a high resolution of control when a high control 
accuracy is demanded, while the two-phase excitation driv 
ing scheme can be effectuated when a high-speed control 
response is demanded. In the latter case, the exhaust gas 
recirculation control can be effected with a response com 
parable to that of the conventional exhaust gas recirculation 
control system. 

Embodiment 2 

In the case of the ?rst embodiment of the invention, the 
stepping motor driving scheme is changed over in depen 
dence on whether or not the difference Aot between the real 
opening degree g and the desired opening degree do of the 
EGR control valve 11 is greater than a predetermined value, 
wherein the one/two-phase excitation driving scheme is put 
into effect when the difference Act is smaller than the 
predetermined value, independent of whether the desired 
number of steps is an integer or not. In this conjunction, it 
should be mentioned that when the desired step number is 
represented by an integer, the control precision can be put 
aside from consideration. Accordingly, the one/two-phase 
excitation driving scheme may rather incur degradation in 
the control response behavior. 

Under the circumstances, it is desirable to change over the 
stepping motor driving scheme in dependence on whether 
the desired number of steps is an integer or not, wherein only 
the two-phase excitation driving scheme is adopted when the 
desired step number is given by an integer and, if otherwise, 
the two-phase excitation driving scheme ensuring a high 
speed response is adopted for driving the stepping motor 
over an angular distance given by an integral number of 
steps, while the one/two-phase excitation driving scheme is 
adopted for rotating the stepping motor over an angle 
corresponding to a remaining half step. 

FIG. 3 is a ?ow chart showing a motor driving routine 
according to a second embodiment of the invention in which 
the control response performance is further improved with~ 
out degrading the control accuracy. This routine is executed 
periodically at an interval of, for example, 100 milliseconds. 
Now, operation of the instant embodiment will be described 
by referring to FIG. 3. 

In a step S121, the desired opening degree 0t0 of the 
exhaust gas recirculation valve as determined through the 
main routine shown in FIG. 1 is read out, which is then 
followed by a step S122 where decision is made as to 
whether the step number corresponding to the desired open 
ing degree are is given by an integer or not. 
When the step number corresponding to the desired 

opening degree (x0 is an integer (i.e., when the decision step 
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S122 results in a?irmation “YES”), this means that the 
control precision is not of concern. Accordingly, the step 
ping motor may be driven in accordance with the two-phase 
excitation driving scheme. Thus, the processing proceeds to 
a step S125 where the stepping motor 30 is driven in 
accordance with two-phase excitation driving scheme. 
On the other hand, when the answer of the decision made 

in the step S122 is negative (NO), this means that the desired 
opening degree (10 is given by n+1/z (where n represents an 
integer). Thus, it is required to drive the stepping motor 30 
in accordance with the one/two-phase excitation driving 
scheme in order to ensure a desired control accuracy. 

Under the circumstances, the processing proceeds to a 
step S123 where it is decided whether or not the number of 
steps corresponding to the real opening degree g of the 
exhaust gas recirculation valve (this vstep number will be 
referred to as the real step number) is equal to n (where n is 
an integer). 

Unless the real step number (the real opening degree or of 
the EGR control valve) coincides with n, the processing 
proceeds to a step S125 Where the stepping motor 30 is 
driven in accordance with the two-phase excitation driving 
scheme control until the real opening degree g becomes 
equal to n. In this manner, the stepping motor 30 is driven 
in accordance with the two-phase excitation driving scheme 
with a high-speed response over the step number corre~ 
sponding to the integer n. 
On the other hand, in case the real opening degree or of the 

stepping motor 30 coincides with 11 steps, the stepping motor 
is to be driven in accordance with the one/two-phase exci 
tation driving scheme for the last half step. Accordingly, the 
processing proceeds to a step S124 where the stepping motor 
30 is driven in accordance with the one/two-phase excitation 
driving scheme. 

In this manner, the control response can be enhanced over 
that of the ?rst embodiment without degrading the control 
precision because the stepping motor is driven in accordance 
with the one/two-phase excitation driving scheme one for 
the last half step. 

Embodiment 3 

In the case of the stepping motor controls according to the 
?rst end second embodiments of the invention, the stepping 
motor driving schemes are changed over in order to improve 
both the control resolution and the response compatibly. 
However, the ?ow rate characteristic of the EGR control 
valve 11 may be such that it can be represented by a 
two-segment polygonal-line curve. 

FIG. 4 is a characteristic diagram for illustrating graphi 
cally an exhaust gas recirculation flow rate characteristic 
which is represented by a two-segment polygonal-line curve 
and which is adopted in the control to be performed accord 
ing to a third embodiment of the invention. In the ?gure, the 
step number of the stepping motor 30 is taken along the 
abscissa with the exhaust gas recirculation ?ow rate being 
taken along the ordinate. 

In general, the exhaust gas recirculation ?ow rate control 
of high accuracy is required in the region close to the fully 
closed state of the control valve 11. Accordingly, in the 
region where the step number of the stepping motor 30 is 
small, a flow rate control characteristic according to which 
the flow rate is varied only a little is employed. 
By adopting the exhaust gas recirculation ?ow rate char 

acteristic represented by the two-segment polygonal-line 
curve (see a solid line curve shown in FIG. 4), the change in 
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the exhaust gas recirculation ?ow per one step of the 
stepping motor becomes small in the region where the step 
number of the stepping motor 30 is small, i.e., in the vicinity 
of the fully closed state of the EGR control valve 11 where 
the exhaust gas recirculation ?ow rate is low, whereby the 
resolution for the exhaust gas recirculation ?ow rate control 
can be enhanced. 

Embodiment 4 

In the case of the third embodiment of the invention, the 
control response behavior equivalent to that attained with 
the conventional control technique can be realized by adopt 
ing the two-phase excitation driving scheme. It goes how 
ever without saying that the control accuracy (i.e., resolu 
tion) as well as the response characteristic can further be 
improved by- making use of the two-segment polygonal-line 
?ow characteristic and adopting a combination of the two 
phase excitation driving scheme and the one/two-phase 
excitation driving scheme described previously in conjunc 
tion with the ?rst and second embodiments. 

As is apparent from the foregoing, there has been pro 
vided according to the embodiments of the invention an 
exhaust gas recirculation control system which can ensure 
high control accuracy (high resolution) as well as rapid 
response in the exhaust gas recirculation ?ow rate control 
without incurring any appreciable increase in the manufac 
turing cost by virtue of the driving means for driving the 
stepping motor to control the ?ow cross-sectional area of the 
EGR control valve exchangeably in accordance with the 
two-phase excitation driving scheme and the oneltwo~phase 
excitation driving scheme, wherein the two-phase excitation 
driving scheme is adopted in the case where high-speed 
response of the control is demanded while the one/two 
phase excitation driving scheme is adopted when the control 
of high resolution is required, whereby the exhaust gas 
recirculation ?ow rate can be controlled accurately so that 
the exhaust gas recirculation conforming to the engine 
operation state can be realized. 

Further, for changing over the two-phase excitation driv 
ing scheme and the one/two-phase excitation driving 
scheme, a di?erence between the real opening degree of the 
EGR control valve and the desired opening degree is deter 
mined, wherein when the diiference is greater than a pre 
determined value inclusive thereof, the two~phase excitation 
driving scheme is put into effect whereas when the differ 
ence is smaller than the predetermined value, the one/two 
phase excitation driving scheme is adopted. Owing to this 
feature, the response of the exhaust gas recirculation ?ow 
rate control can be enhanced when the difference mentioned 
above is greater than the predetermined value inclusive. If 
otherwise, the control accuracy can be improved. 

Additionally, owing to the control of the exhaust gas 
recirculation ?ow rate in accordance with the two-segment. 
polygonal-line characteristic curve, the ?ow rate can be 
controlled such that change of the ?ow rate becomes small 
in the region where the step number of the stepping motor 
is small (i.e., in the region close to the fully closed position 
of the EGR control valve), the exhaust gas recirculation ?ow 
rate can be controlled with high accuracy even in the region 
where the opening degree of the EGR control valve is small 
without involving degradation in the response characteristic 
in the region of intermediate and large opening degrees of 
the EGR control valve. 

Many features and advantages of the present invention are 
apparent form the detailed description and thus it is intended 
by the appended claims to cover all-such features and 
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advantages of the system which fall within the true spirit and 
scope of the invention. Further, since numerous modi?ca 
tions and combinations will readily occur to those skilled in 
the art, it is not intended to limit the invention to the exact 
construction and operation illustrated and described. 
By way of example, although the invention has been 

described in conjunction with the exhaust gas recirculation 
control for the internal combustion engine, it should be 
appreciated that the teachings of the invention can ?nd other 
applications where control of the stepping motor is required 
so as to enhance the positioning accuracy and the response 
speed. Accordingly, the invention should never be inter 
preted in any limiting sense. 

Thus, all suitable modi?cations and equivalents may be 
resorted to, falling within the spirit and scope of the inven 
tion. 
What is claimed is: 
1. In an internal combustion engine of a type in which a 

part of exhaust gas discharged therefrom is recirculated to 
said engine, 

an exhaust gas recirculation control system for controlling 
recirculation of said exhaust gas, comprising: 
an exhaust gas recirculation pipe connected between an 

intake pipe and an exhaust pipe of said engine for 
recirculating a part of exhaust gas from said exhaust 
pipe into said intake pipe; 

an exhaust gas recirculation control valve installed in 
said exhaust gas recirculation pipe for controlling a 
?ow rate of the exhaust gas ?owing through said 
exhaust gas recirculation pipe, said exhaust gas 
recirculation valve being driven by a stepping motor; 

sensor means for detecting an operation state of said 
internal combustion engine to thereby generate out 
put signals indicative of engine operation state infor 
mation; 

exhaust gas recirculation ?ow rate arithmetic means for 
arithmetically determining an exhaust gas recircula 
tion ?ow rate on the basis of said engine operation 
state information derived from the outputs of said 
sensor means; and 

exhaust gas recirculation ?ow rate control means for 
controlling the ?ow rate of the exhaust gas recircu 
lated into said internal combustion engine so that 
said ?ow rate conforms to said engine operation 
state; - 

wherein said exhaust gas recirculation valve controls the 
?ow rate of said exhaust gas ?owing through said 
exhaust gas recirculation pipe in accordance with a 
plural segment polygonal line having at least two 
discrete ?ow-rate characteristics such that in a range 
close to a fully closed position of said exhaust gas 
recirculation control valve where the number of steps 
of said stepping motor is small, a change in said ?ow 
rate of the exhaust gas becomes small. 

2. An exhaust gas recirculation control system according 
to claim 1, 

wherein said two discrete ?ow-rate characteristics and a 
combination of a two-phase excitation mode and a 
one/two-phase excitation mode are adopted. 

3. In an internal combustion engine of a type in which a 
part of exhaust gas discharged therefrom is recirculated to 
said engine, 

an exhaust gas recirculation control system for controlling 
recirculation of said exhaust gas, comprising: 
an exhaust gas recirculation pipe connected between an 

intake pipe and an exhaust pipe of said engine for 
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14 
recirculating a part of exhaust gas from said exhaust 
pipe into said intake pipe; 

an exhaust gas recirculation control valve installed in 
said exhaust gas recirculation pipe for controlling a 
?ow rate of the exhaust gas ?owing through said 
exhaust gas recirculation pipe, said exhaust gas 
recirculation valve being driven by a stepping motor; 

sensor means for detecting an operation state of said 
internal combustion engine to thereby generate out 
put signals indicative of engine operation state infor' 
mation; 

exhaust gas recirculation ?ow rate arithmetic means for 
arithmetically determining an exhaust gas recircula~ 
tion ?ow rate on the basis of said engine operation 
state information derived from the outputs of said 
sensor means; 

exhaust gas recirculation ?ow rate control means for 
controlling ?ow rate of the exhaust gas recirculated 
to said internal combustion engine so that said ?ow 
rate conforms to said engine operation state; and 

driving means for driving said stepping motor to 
thereby control a ?ow passage cross-section area of 
said exhaust gas recirculation valve in accordance 
with a driving scheme in which a combination of a 
two-phase excitation mode in which coils forming a 
winding assembly of said stepping motor are excited 
on a two-by-two basis, and a one/two-phase excita 
tion mode in which said two-phase excitation mode 
is alternated with a one-phase excitation mode in 
which said coils are excited on a one-by-one basis is 
adopted; 

wherein said exhaust gas recirculation ?ow rate control 
means controls said exhaust gas recirculation ?ow rate 
so that said exhaust gas recirculation ?ow rate con~ 
forms to said engine operation state by changing the 
?ow cross-section of said exhaust gas recirculation 
control valve by said driving means by e?’ectuating 
selectively said two-phase excitation mode when high 
speed response is a dominant criterion, and said one/ 
two-phase excitation mode when high accuracy is a 
dominant criterion. 

4. An exhaust gas recirculation control system according 
to claim 3, 

wherein said driving means includes arithmetic means for 
calculating a difference between an actual opening 
degree of said exhaust gas recirculation valve and a 
desired opening degree of said exhaust gas recircula 
tion valve conforming to said engine operation state in 
order to change over said two-phase excitation mode 
and said one/two-phase excitation mode, and 

wherein said two-phase excitation mode is adopted when 
said difference is not smaller than a predetermined 
value, and said one/two-phase excitation mode is 
adopted when said di?erence is smaller than said 
predetermined value. 

5. An exhaust gas recirculation control system according 
to claim 4, 

wherein said predetermined value is so selected as to be 
equivalent to an exhaust gas recirculation ?ow rate for 
which deviation of exhaust gas recirculation ratio 
(PEGR) de?ned by the following expression is greater 
than 2%: 

PEGR=QJQa><l00 (in percentage) (1) 

where 
Q represents the exhaust gas recirculation ?ow rate, 

and 
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Q, represents an intake air ?ow rate in the engine. 
6. An exhaust gas recirculation control system according 

to claim 3, wherein said driving means drives said stepping 
motor in said two-phase excitation mode when a desired 
position of the exhaust gas recirculation control valve is an 
integer or when a number of steps to the desired position is 
not an integer, and in said one/two phase excitation mode 
when both the desired position is not an integer and the 
number of steps is an integer. 

7. An apparatus for driving a stepping motor which is 
arranged to index a mechanical element under control to a 
desired position, comprising: 

driving means for driving said stepping motor in a two 
phase excitation mode in which coils forming a wind 
ing assembly of said stepping motor are excited on a 
two-by-two basis when high-speed response is a domi 
nant criterion for indexing said mechanical element to 
said desired position, and for driving said stepping 
motor in a one/two-phase excitation mode in which 
said two-phase excitation mode is alternated with a 
one-phase excitation mode in which said coils are 
excited on a one~by-one basis, when high accuracy is a 
dominant criterion for indexing said mechanical ele 
ment to said desired position. 

8. A stepping motor driving apparatus according to claim 
7, 

wherein said mechanical element under control is a valve 
element of an exhaust gas recirculation control valve of an 
internal combustion engine for recirculating a part of 
exhaust gas of said engine. 
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9. A stepping motor driving apparatus according to claim 

7, wherein said driving means drives said stepping motor in 
said two-phase excitation mode when a desired position of 

the mechanical element is an integer or when a number of 

steps to the desired position is not an integer, and in said 
one/two phase excitation mode when both the desired posi 
tion is not an integer and the number of steps is an integer. 

10. A stepping motor driving apparatus according to claim 
7, further comprising: 

arithmetic means for determining a difference between a 

real position of said mechanical element at which said 
mechanical element is actually positioned, and said 
desired position; 

wherein said driving means drives said stepping motor in 
said two-phase excitation mode when said difference is 
greater than a predetermined value inclusive thereof, 
and in said one/two-phase excitation mode when said 
diiference is smaller than said predetermined value. 

11. A stepping motor driving apparatus according to claim 
10, wherein said mechanical element under control is a valve 

element of an exhaust gas recirculation control valve of an 

internal combustion engine for recirculating a part of 
exhaust gas of said engine. 


